Levels of brain creatine kinase (CK), aspar tate aminotransferase (ASAT), and lactate dehydroge nase (LD) in CSF after cardiac arrest were studied in dog models. Ventricular fibrillation cardiac arrest lasting 10 min or asphyxiation cardiac arrest lasting 0-10 min was followed by cardiopulmonary resuscitation and 96-h in tensive care. Outcome was scored as neurologic deficit (0% = normal, 100% = brain death) and overall perfor mance category (1 = normal,S = death). Both measures correlated with EEG return time after asphyxiation car diac arrest, but not after ventricular fibrillation cardiac arrest. Peak activity of enzymes in CSF at 48-72 h post arrest correlated with outcome, and CK was the best pre dictor. Brain histopathologic damage score at autopsy 96 h post arrest correlated with CK level in CSF (r = 0.79, n = 39) and neurologic deficit (r = 0.70, n = 50). Ischemic neuronal changes occurred after ventricular fibrillation cardiac arrest of 10 min, and neuronal changes plus mi-Advanced cardiopulmonary-cerebral resuscita tion (Safar and Bircher, 1988) has made cardiac ar rest (complete temporary global brain ischemia) of longer than 5 min reversible to complete recovery (Abramson et aI., 1986; Safar, 1986) . At the same time, this technique may have increased the number of survivors with brain damage. The ability to predict permanent brain damage reliably early CK; IC P, intracranial pressure; IPPV, intermittent positive-pressure ventilation; LD, lactate dehydrogenase.
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Summary: Levels of brain creatine kinase (CK), aspar tate aminotransferase (ASAT), and lactate dehydroge nase (LD) in CSF after cardiac arrest were studied in dog models. Ventricular fibrillation cardiac arrest lasting 10 min or asphyxiation cardiac arrest lasting 0-10 min was followed by cardiopulmonary resuscitation and 96-h in tensive care. Outcome was scored as neurologic deficit (0% = normal, 100% = brain death) and overall perfor mance category (1 = normal,S = death). Both measures correlated with EEG return time after asphyxiation car diac arrest, but not after ventricular fibrillation cardiac arrest. Peak activity of enzymes in CSF at 48-72 h post arrest correlated with outcome, and CK was the best pre dictor. Brain histopathologic damage score at autopsy 96 h post arrest correlated with CK level in CSF (r = 0.79, n = 39) and neurologic deficit (r = 0.70, n = 50). Ischemic neuronal changes occurred after ventricular fibrillation cardiac arrest of 10 min, and neuronal changes plus mi-Advanced cardiopulmonary-cerebral resuscita tion (Safar and Bircher, 1988) has made cardiac ar rest (complete temporary global brain ischemia) of longer than 5 min reversible to complete recovery (Abramson et aI., 1986; Safar, 1986) . At the same time, this technique may have increased the number of survivors with brain damage. The ability to predict permanent brain damage reliably early croinfarcts occurred after asphyxiation cardiac arrest of 1.5-10 min. Brain enzymes were decreased at 6 h post arrest in regions with worst histologic damage (gray matter of neocortex, hippocampus, caudate nucleus, cer ebellum). Brain CK decreased further, ASAT remained low, and LD increased at 72 h after arrest. The temporal changes in CK level paralleled the temporal ischemic neuronal changes in the brain, and time to peak activity was unaffected by the severity of the ischemic insult. Peak activity of individual enzymes in CSF was deter mined predominantly by the brain concentration, but was also influenced by rate of decomposition. This "chemical brain biopsy method" represents a useful adjunctive tool to predict permanent, severe brain damage during coma tose states after cardiac arrest and resuscitation. Key Words: Brain enzymes-Cardiac arrest-Cerebral isch emia-Cerebral resuscitation-Cerebrospinal fluid en zymes -Prognosis. after arrest would have great socioeconomic signifi cance (Wanzer et aI., 1984) . Functional deficit can occur without structural brain damage (Byrne et aI., 1979) , although structural damage is the most convincing evidence of permanent brain damage. To document structural damage, however, requires autopsy.
The loss of large molecular cytosolic enzymes from cells and their increase in body fluid compart ments have been used as indexes of irreversible cell damage in various organs and tissues (Dixon and Webb, 1979) . Brain cytosolic enzymes have been shown to leak into the CSF early after a variety of cerebral insults (Hildebrand and Levine, 1973; Vaa genes et aI., 1987) . A correlation between brain specific creatine kinase (CK-BB) activity increase in the CSF and neurologic deficit and brain histo logic damage at autopsy has been demonstrated after clinical cardiac arrest (Kjekshus et aI., 1980; Vaagenes et aI., 1980) . Others have observed sim ilar results for a variety of enzymes (Longstreth et aI., 1981 ; Mullie et aI., 1981 ; Edgren et aI., 1983) .
The purpose of this study was to examine brain cytosolic enzyme leakage into the CSF as a marker of brain damage and a predictor of outcome in dog models of controlled cardiac arrest by ventricular fibrillation or asphyxiation (Safar et aI., 1982; Safar, 1986; Vaagenes et aI., 1984a Vaagenes et aI., ,b, 1986b . These in sults account for most nontraumatic cardiac arrests in potentially salvageable young and middle-aged persons (Safar and Bircher, 1988) .
METHODS

Design and preparations
Sixty-three mongrel dogs (10.5-19 kg) were studied: 31 with ventricular fibrillation cardiac arrest of 10 min and 32 with asphyxiation cardiac arrest of from 0 to 10 min. Ventricular fibrillation was induced with external electric shock, asphyxia with apnea. Experimental protocols were as previously described (Safar et aI., 1982; Vaa genes et aI., 1984b) . The dogs were fasted but allowed water ad libitum before study. No premedication was given. Anesthesia was induced with ketamine 10-15 mg/kg i.m. and maintained with nitrous oxide/oxygen 66%/33% plus halothane via cuffed endotracheal tube. Pancuronium was given for immobilization, and intermit tent positive-pressure ventilation (IPPV ) was used. MABP, heart rate, ECG, EEG, central venous pressure, end-tidal COz, intracranial pressure (ICP), sagittal sinus pressure, and rectal temperature were monitored contin uously, and PaOZ, PaCOZ, pHa, base excess, blood glucose, serum electrolytes and osmolality, hematocrit, arterial and central venous and mixed cerebral venous Oz con tent, and cardiac output were monitored intermittently. The following variables were controlled before and after the insult throughout the experiments: MABP, at 115 ± 15 mm Hg with titrated infusions of norepinephrine or trimethaphan; PaCOZ, at 30-35 mm Hg before and after the insult (but at 25-30 mm Hg during the first 2 h post arrest); Pao2, at 80-100 mm Hg before and> 100 mm Hg for 24 h after the insult; blood glucose, at 100-150 mg/dl; base excess, at ±7 mEq/L with intravenous sodium bi carbonate; and temperature, at 38.5 ± 1°C. Dextrose 5% in 0.45% normal saline solution was given as intravenous infusion. Serum electrolytes and osmolality were kept within the range of normal values.
The cisterna magna was punctured with a 25-gauge spinal needle, using sterile technique, for collection of CSF. ICP was monitored via the cisternal needle. In some dogs, the sagittal sinus was exposed by sterile craniec tomy and a 22-gauge catheter inserted for sampling of mixed cerebral venous blood.
Insult
Pre arrest baseline measurements were performed during light anesthesia plus pancuronium and IPPY. Be fore the insult, anesthesia was discontinued; IPPV was continued with 100% O2 for 1 min and with room air for 10 min. Then, in 31 dogs, IPPV was discontinued and ventricular fibrillation cardiac arrest was then induced by external transthoracic electric shock (50 V AC). Cardiac arrest was permitted to persist for 10 min. In 32 other dogs, asphyxiation was induced by stopping IPPV at end exhalation and clamping the tracheal tube. Cardiac ar rest-defined as an MABP of ,,;25 mm Hg without arte rial pulsations on the tracing-occurred at 6-9 min of apnea, with an ECG pattern of electromechanical dissoci ation or asystole. Cardiac arrest was permitted to last for o min in 2 dogs, 1.5 min in 2 dogs, 3 min in 5 dogs, 5 min in 4 dogs, 7 min in 14 dogs, and 10 min in 5 dogs.
Resuscitation
Spontaneous circulation was restored using a standard ized external cardiopulmonary resuscitation protocol (Safar et aI., 1982; Vaagenes et aI., 1984b) . Briefly, Ringer's solution 4 mllkg, with epinephrine 0.05-0.1 mg/kg and sodium bicarbonate 1 mEq/kg, was injected rapidly through a catheter into the ascending aorta. Si multaneously, IPPV with 100% Oz and sternal compres sions were started. Ventricular fibrillation was treated with external DC countershocks. Spontaneous normo tension was to be achieved within 3-5 min of cardiopul monary resuscitation.
Intensive care
Post-cardiac arrest life support included IPPV with ni trous oxide/oxygen 50%/50% for 20 h and weaning to spontaneous breathing of oxygen at 20-24 h. In dogs that had <5 min of asphyxiation cardiac arrest, IPPV was used for only 4-6 h. MABP was controlled at 115 ± 15 mm Hg. Pancuronium was given as needed. Te tracycline was given for infection prophylaxis. Blood loss was re placed with lactated Ringer's solution or dextran 40. After 20 h the dogs were extubated as reflexes permitted, and thereafter O2 was given by mask to keep Pao2 above 80 mm Hg. When the dogs moved purposefully, they were transferred to a crib, and intensive care continued to 96 h. In four dogs the experiment was terminated ear lier for adjunctive studies, and in eight dogs death from complications occurred.
Evaluation
Early cerebral recovery was evaluated by recording pupil size, pupillary light reflex, and return of EEG ac tivity. Changes in CSF lactate level were measured in some dogs. After weaning to spontaneous breathing, late cerebral and overall recovery were evaluated with four measures (Safar et aI., 1982) : (a) increase of brain cyto solic enzyme activity in CSF (Vaagenes et aI., 1980 (Vaagenes et aI., , 1984a (Vaagenes et aI., ,b, 1986a ; (b) neurologic deficit scores (100% = brain death, 40-90% = vegetative state, 0% = normal) (N emoto et aI., 1977) ; (c) overall performance category (1 = normal, 2 = moderate disability, 3 = severe disability but conscious, 4 = coma-vegetative state, 5 = brain death-death) (Gisvold et aI., 1984; Jennett and Bond, 1975) ; and (d) brain histopathologic damage scores (Ne moto et aI., 1977; Gisvold et aI., 1984) . Twenty brain re gions were examined by light microscopy for edema, ischemic neuronal change, and microinfarcts. The se verity of these lesions was assessed on a four-point scale: minimal = 1 + , moderate = 2 + , severe = 3 + , maximal = 4 +. The points, which indicated the severity of each type of lesion, were then multiplied by a weighting factor depending on the type of lesion (edema xl, ischemic neuronal changes x 2, infarcts x 4). The maximal (worst) score for all 20 brain areas would be 1,040; the lowest (best) would be O. At 96 h after restoration of sponta-neous circulation, final neurologic deficit and overall per formance category were determined. Then all dogs were killed under pentobarbital anesthesia by in vivo arterial perfusion and fixation with paraformaldehyde. The brains were prepared for blinded histopathologic exami nation by the same two pathologists (1.M., G.R.).
CSF studies
For CSF lactate and enzyme studies, 1-1.5 ml of cis ternal CSF was drained slowly, and the volume carefully replaced with isotonic saline. For lactate analysis, 0.5 ml was mixed with an equal volume of perchloric acid 6%, centrifuged, and the supernatant stored at -25°C until analyzed spectrophotometrically (Hohorst et aI., 1959) . For brain enzyme analysis, 1 ml of CSF was collected in precooled tubes, stored at -70°C after immediate cold centrifugation, and analyzed within 4 weeks. CK isoen zymes were separated by column chromatography (Mercer, 1975) . CK was determined according to Olivier (1955) and Rosalki (1967) . Lactate dehydrogenase (LD) and aspartate aminotransferase (ASAT) were analyzed according to the methods of Henry et al. (1960) , Amador et al. (1967) , and Gay et al. (1968) . All assays were done at 30°C on a COBAS-BIO centrifugal analyzer with re agents from Hoffmann-LaRoche, U.S.A. Enzyme sta bility was found to remain unchanged during the 4-week storage period. Only at � 1 year later, when 24 samples were reanalyzed, had enzyme activities decreased (CK by 55%, LD by 45%, and ASAT by 35%). Thawing of samples for analysis and reanalysis deactivated CK more than LD or ASAT.
To determine time to peak change and enzyme half-life in CSF, we sampled CSF before the insult and at 1-4, 6, 12, 24, 48, 72, and 96 h after the insult in a variable number of dogs. Later, the number of CSF punctures was minimized, because of the risk of damaging the medulla or causing subarachnoid bleeding. In subgroups, en zymes and lactate were also determined in arterial and cerebral venous blood.
Baseline (normal) cisternal enzyme and lactate levels were obtained in 37 dogs under light anesthesia without head surgery and in 10 dogs after completion of head sur gery. To rule out leakage of extracranial tissue enzymes from blood into the CSF, we measured total CK and CK-BB, skeletal muscle CK (CK-MM), and myocardial CK (CK-MB) simultaneously in CSF and blood in 10 dogs.
In 15 dogs, before killing by perfusion-fixation, se quential 1-to 2-ml samples of cisternal CSF were col lected, and the enzyme activity difference between the first (cisternal) and last (ventricular) CSF samples was determined.
All dogs in the ventricular fibrillation cardiac arrest group and some in the asphyxiation cardiac arrest 7-min groups were used in several experimental series to study cerebral resuscitation potentials (Vaagenes et aI., 1984a (Vaagenes et aI., ,b, 1986a Safar, 1986) . To be included in this study, the dogs had to survive at least 48 h and yield cis ternal CSF without blood contamination evidence of damage to the medulla by the needle puncture.
Brain tissue enzymes
To determine the source of brain cytosolic enzymes in CSF, we examined the activity of these enzymes in seven brain regions (neocortex from two to four locations, cere bral white matter, hippocampus, thalamus, cerebellum, caudate nucleus, and pons) in nine additional dogs. Three J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 normal dogs were killed without brain insults; four dogs were killed at 6 h after ventricular fibrillation cardiac ar rest of 15-20 min; and two dogs were killed at 72 h after asphyxiation cardiac arrest of 7 min. For brain enzyme studies, the skull was removed under pentobarbital anes thesia, with MABP maintained above 50 mm Hg and blood gases maintained normal by IPPV and oxygen. The brain was removed en bloc within 15-20 min of anes thesia and immediately cooled to -20°C for 1 week and then stored at -70°C until the time of dissection, tissue sampling, and preparation. Storage at -20°C for 1 week did not reduce tissue enzyme activity. From each of the seven brain regions, homogenates were prepared at + 5°C in 50 mM Tris buffer at pH 7.4, using 0.1 g brain tissue/ml. Homogenization was carried out in a Potter Elvehjem homogenizer at 1,000 rpm, making five passes, followed by centrifugation at 1,000 rpm, removal of the supernatant, and storage at -70°C; samples were ana lyzed for enzyme activities within 1-2 weeks. Brain pro tein concentration was determined by the method of Lowry et al. (1951) . Cytosolic enzyme activities were de termined by the same methods used for CSF and ex pressed as units per milligram protein. (One unit is de fined as the amount of enzyme necessary to produce 1 fLmol product/h.)
Statistics
We used the Student t test for pooled data and Pearson correlation coefficient (r) for linear regression. Multivar iate analyses were performed to examine the joint effects of enzymes on outcomes. A regression model was fit for each of the four outcome measures, with the enzymes as explanatory variables, using log transformations. Thresholds for predicting good versus poor outcome also were calculated. Probability values (p) of .:;0.05 for two sided tests are reported as significant.
RESULTS
Of the 63 dogs studied, 51 survived to and were killed at 96 h, 4 were killed at 48-72 h for adjunc tive studies, and 8 died between 48 and 72 h of complications post arrest.
Prearrest normal CSF enzymes and lactate (Table 1) Baseline prearrest (normal) enzyme activities and lactate values were the same with and without prior cranial surgery for sagittal sinus cannulation. In no dog with cranial surgery was the brain grossly damaged. Five of the 50 brains available from the 63 experiments included showed mild localized lep tomeningitis, probably caused by multiple cisternal punctures. Another four dogs with severe menin gitis were excluded from the studies reported here. In some dogs, when surgery caused brain contusion or subarachnoid hemorrhage or the needle puncture for CSF collection damaged the medulla, all en zymes increased transiently four-to sixfold within 1-6 h, but decreased in the next 8-24 h.
Postarrest CSF enzymes and lactate ( 
3) n = 10 n = 10 n = 10 n = 6 Upper normal limite 7 26 8 3.80
Values are means ± SD (range). For abbreviations see the text .
a Cisternal CSF in dogs under light N20/02 (2/1) plus halo thane anesthesia.
b After surgical exposure of the sagittal sinus. e Mean + 2 SD.
was found to account for >80% of total CK in all CSF samples. The next most prevalent isoenzyme was CK-MM. CK isoenzyme levels in normal CSF could not be determined with the method used. Postarrest CSF levels of CK, AS AT, and LD were greater than prearrest values in dogs with neuro logic dysfunction at 24 h. The rate of increase was more rapid for CK than for LD, but they both peaked at 48 h post arrest. The increase was more protracted for ASAT, which peaked at 72 h (Fig. 1) . The time to peak activity was similar for all arrest times and types of insult ( Fig. 2) , except when there was secondary neurologic deterioration (sometimes due to extracerebral complications), in which case enzyme activity remained high or again increased. The rate of decline in activity from peak to 50% peak values (in vivo half-life), calculated from three or more points on the decay curves, was 16 ± 5 h (8-30 h) for CK (n = 14), 29 ± 16 h (1 6-62 h) for LD (n = 10), and 47 ± 26 h (1 6-96 h) for ASAT (n = 10). There was a highly significant correlation be tween peak CSF activity levels of individual en zymes (r = 0.69-0.85, p < 0.005-0.001) and be tween peak levels at 48-72 h post arrest and out come as neurologic deficit (r = 0.65-0.89, p < 0.005-0.001). When CSF enzyme values in indi vidual dogs were grouped according to the best overall performance category achieved at any time post arrest (Fig. 3) , 7 of 11 dogs with category 1 had "normal" CK at 48 h. In all dogs with categories 2-5, CSF CK and ASAT were elevated, while LD remained "normal" in 3 of 52 dogs. For all out come measures (EEG return time, overall perfor mance category, neurologic deficit), CSF CK was 
Preinsult TIME (h) POST-ARREST the best predictor. A CK level of 15 UlL was ob served only in dogs with normal outcome (overall performance category 1), while CK was �39 U/L in 97% and �50 U/L in 100% of dogs with poor out come (categories 3-5). At 24 h there was a highly significant correlation between best neurologic deficit and CK level (r = 0.66, p < 0.001), but already at 4-6 h post arrest a high CSF CK level was indicative of severe brain damage, unless needle puncture had caused damage of the medulla or bleeding. Low CSF en zyme levels at 4-24 h, however, did not always in dicate good outcome, since secondary neurologic
.. deterioration sometimes occurred, which pro tracted the time to peak enzyme level. There was a linear correlation between peak CSF CK (log values) and neurologic deficit in both models (Fig.  4) . The correlation was better in the asphyxiation cardiac arrest model with a range of insult times (r = 0.90) than in the ventricular fibrillation model, which used one insult time (1 0 min) (r = 0.85). Corresponding values for ASAT were r = 0.71 in the asphyxiation model and r = 0.80 in the fibrilla tion model. Values for LD were r = 0.65 in the as phyxiation model and r = 0.80 in the fibrillation model.
For all dogs, EEG return time correlated with neurologic deficit (r = 0.55; p < 0.001) and CSF CK (r = 0.57; p < 0.001). These correlations were poor for the ventricular fibrillation cardiac arrest model (r = 0.20 for neurologic deficit, r = 0.1 2 for CSF CK). ASAT correlated next best with neuro logic deficit and overall performance category, and LD with EEG return time. Pupils constricted and reacted to light earliest in the dogs with asphyxia tion cardiac arrest and short cardiac arrest times. There was no other correlation between pupillary change and final neurologic deficit or CSF enzyme increase within groups of dogs with the same insult and variable outcomes .
In related studies, we tested brain-resuscitation, therapies in certain groups of dogs, whose CSF en zyme levels were reported above (Vaagenes et aI., 1984a) . After asphyxiation cardiac arrest of 7 min, a free radical scavenger solution (mannitol 5% and [-methionine 2% in dextran 40 3%, in NaCl 0.45% plus MgS04 and Tr is buffer) given intravenously upon restoration of spontaneous circulation im proved neurologic deficit (p < 0.05) (Vaagenes et aI., 1986b) and lowered CSF CK (p < 0.05) and ASAT (p < 0.05), while the calcium entry blocker lidoflazine 1 mg/kg i. v. did not improve neurologic deficit, but lowered ASAT (p < 0.05) ( Table 2) . The enzyme gradients between cisternal and ven tricular CSF (i.e., the last sample drawn via the cis ternal needle) were examined at 32 (n = 1),48 (n = 2), 72 (n = 3), and 96 (n = 9) h after cardiac arrest. In general, the lowest enzyme activity was present in the first sample (cisternal CSF) and the highest activity in the last sample (ventricular CSF). The gradient was more pronounced for CK than for ASAT or LD. Dogs that ultimately had low neuro logic deficit scores and low cisternal enzyme levels also had low ventricular levels. In dogs that had se vere neurologic deficit after high peak cisternal en- zyme levels at 48-72 h, one of two scenarios was observed at 96 h: Either ventricular (not cisternal) enzyme levels remained higher and neurologic def icit remained severe or deteriorated, or levels were low in both compartments and neurologic deficit progressively improved. CSF lactate. Values before arrest were within normal limits (Table 1) . Post arrest, within 15-60 min after restoration of spontaneous circulation, lactate increased to a maximum of 7.94 ± 1. 22 mM/L (n = 19) and then returned to prearrest levels within 24 h (Fig. 5) . At 15-60 min post ar rest, lactate was not higher in the asphyxiation than in the ventricular fibrillation cardiac arrest dogs, and the increase was similar in dogs that recovered consciousness (overall performance categories 1, 2, 3; CSF lactate 6.1 5 ± 1.99 mM/L; n = 11) as in those that remained comatose (categories 4, 5; CSF lactate 4.85 ± 1.70 mM/L; n = 8). Maximum CSF lactate level correlated with best neurologic deficit (r = 0.64, p < 0.005, n = 19), but not with max imum CSF CK (r = 0.28), histopathologic damage score (r = 0.26), or EEG return time (r = 0.21 ). Postarrest lactate had returned to normal at the time of CSF enzyme peaks (Fig. 5 ).
Brain tissue enzymes (Figs. 6 and 7)
Normal brain tissue enzyme concentrations were determined in three dogs. CK was the predominant enzyme in all brain regions studied, with highest ac tivity levels in neocortex, caudate nucleus, and cer ebellum and less activity in cerebral white matter, hippocampus, pons, and thalamus (Fig. 6) . The ac tivity of ASAT was one-third to one-fourth that of CK, and the activity of LD was one-sixth to one eighth that of CK in most brain regions studied. De termination of CK isoenzymes in five brain regions 
Cerebellum 0. . . 0 · · · u · · · · ? asphyxial cardiac arrest of 7 min (n = 2) compared with temporal increase of the same enzymes in the CSF (n = 11, from Fig. 1) . CK, creatine kinase; ASAT, aspartate aminotransferase; LD, lactate dehydroge-20 nase. Note CK loss from brain tissue followed by CK increase in CSF, with peak at 48 h. the same regions as levels after ventricular fibrilla tion arrest of 15-20 min (except in the pons and cerebellum, where there was an increase). The de creases were most pronounced in the dog with the worst neurologic deficit score. No further changes were seen in the thalamus, whereas an increase was seen in cerebral white matter and in the pons. LD appeared to increase from 6 to 72 h in all brain re gions.
While brain enzyme activity levels decreased early post arrest and remained low, CSF enzyme activity levels peaked late post arrest, at 48-72 h, and declined rapidly thereafter (Fig. 7) . In contrast to their activity in brain tissue, in CSF ASAT was higher than CK, and LD the same as CK. With in creasing brain damage (overall performance cate gory 1-5), however, the proportional increase of CSF CK was greater than that of CSF ASAT and LD. This indicates that relative to ASAT or LD, more CK was released from the brain when there was increasing brain damage and cell destruction.
Arterial and mixed cerebral venous CK activity
Before cardiac arrest total CK and CK isoen zymes were similar in arterial and mixed cerebral venous blood (n = 10). To tal CK varied between 69 and 581 U/L, and CK-BB between 0 and 11%. Post arrest at 4 and 48 h, total CK increased similarly in arterial and cerebral venous blood, with CK-BB slightly higher in cerebral venous blood. CK level in CSF correlated with concomitant samples in ar terial (r = 0.65, p < 0.05) and cerebral venous (r = 0.68, p < 0.05) blood, but total CSF CK did not correlate with arterial or cerebral venous CK-BB.
Hemodynamics and ICP
Cardiac output was decreased and systemic vas cular resistance and heart rate were increased for several hours post arrest (Vaagenes et aI., 1984b; Safar, 1985) . In dogs that developed vasopressor and fluid-resistant hypotension and low cardiac output, secondary neurologic deterioration oc curred at �24-48 h, which was often accompanied by high CSF enzyme activity or a second enzyme peak.
Post arrest ICP increased briefly with reperfusion to 30-50 mm Hg and returned to prearrest levels within 10-20 min. Thereafter, ICP remained normal throughout the 1-to 2-h observation period. A second ICP increase occurred only when there was secondary neurological deterioration because of cardiovascular failure or when CSF bleeding re sulted from cisternal puncture.
Brain histopathologic damage (Figs. 8 and 9) Histopathologic examination of the perfusion fixed dog brains was carried out at 96 h after CA in 50 dogs.
After ventricular fibrillation cardiac arrest of 10 min (n = 18), ischemic neuronal changes were con sistently found in the neocortex, hippocampus, and cerebellum, with less consistency in the caudate nucleus and thalamus. Ischemic neuronal changes were absent in cerebral white matter and medulla and minimal in the pons. Microinfarcts were few and seen in only 5 of the 18 brains, but in these dogs neurologic deficit was worse than in the re maining 13 dogs without microinfarcts (37 ± 2.7 vs. 20 ± 14%; p < 0.005). Hypotension before or after arrest was not a complicating factor when MABP was controlled, but dogs with microinfarcts had slightly longer resuscitation times (3.3 ± 1.3 vs. 2.5 ± 1 min; NS). There was a highly significant corre lation between histopathologic damage score and neurologic deficit score (Fig. 9a ). Cerebral edema by microscopy was not significant at 96 h. change was seen in the brains of dogs with cardiac arrest of 0 min (n = 2), but microinfarcts plus isch emic neuronal changes were present in all except two dogs with cardiac arrest of 1.5-10 min [one with 1.5 and one with 5 min, both with normal out come (overall performance category 1)]. After as phyxiation cardiac arrest of different durations, there was a highly significant correlation between histopathologic damage score and peak CSF CK activity (Fig. 8b ) and a less significant correlation between histopathologic damage score and neuro logic deficit (Fig. 9b ). Cortical gray matter edema was noted in 10 and white matter edema in 1 dog. The distribution of ischemic neuronal changes after asphyxiation cardiac arrest of 7 min was gen erally similar to that after ventricular fibrillation cardiac arrest of 10 min. Histopathologic damage was most pronounced in neocortex and hippo campus, varied in caudate nucleus and thalamus, less in pons and medulla, and also less in cere bellum. In addition, microinfarcts were invariable in parts of neocortex-predominantly in frontal, parietal, and occipital, minimal in temporal cortex, and absent in insular cortex. When brain-resuscita tion therapies were tested in the group with as phyxiation cardiac arrest of 7 min, outcome was variable and there was no correlation between his topathologic damage score and neurologic deficit or between histopathologic damage score and CSF CK level.
DISCUSSION
This study in dogs with controlled insults con firms our previous findings in patients (Kjekshus et J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 aI., 1980 Vaagenes et aI., 1980) : Brain cytosolic en zyme leakage into CSF is a marker of permanent brain damage. A decrease in brain enzyme levels (most pronounced in regions with the most severe histopathologic damage) preceded an increase in CSF enzyme levels.
Enzyme assays and mechanisms of release into CSF
As in humans, the predominant CK isoenzyme in brain and in CSF was CK-BB (lockers-Wretou and Pfleiderer, 1975; Kjekshus et aI., 1980; Urdal et aI., 1983) . We did not determine LD isoenzymes, but it has been shown that the fast-moving H-fractions LD1 , LD2, and LD3 dominate in the CSF in dogs (Heavner et aI., 1986) , as they do in CSF and brain in humans (Beaty and Oppenheimer, 1968) . LD level in CSF seems lower in dogs than in humans (Mullie et aI., 1981 ; Vaagenes, 1986) . The contami nation of CSF with small amounts of CK-MM and CK-MB after arrest probably represents influx from blood. The blood-brain barrier was evidently not severely damaged, since brain edema was min imal and the increase in ICP transient, and the CSF CK-MM levels were very low. It seems to require a severe ischemic-anoxic insult to disrupt the blood brain barrier (Hossmann and Olsson, 1971 ), enough to allow substantial leakage of larger enzyme mole cules from blood to CSF (Vaagenes, 1986; Vaa genes et aI., 1986a,b) . Specific areas in the brain (pineal gland, area postrema, hypothalamus, choroid plexus, tuber cinereum, infundibular area), however, permit large molecules to diffuse between blood and brain when the barrier is rendered more permeable by anoxia.
In patients, cisternal puncture is considered un safe. Lumbar puncture is recommended, except in supratentorial increases in ICP, as with space-occu pying lesions, subarachnoid bleeding, or infarction (Caplan et aI. , 1987) . ICP is not persistently in creased after either experimental (Lind et aI. , 1975; Nemoto et aI. , 1977; Hossmann, 1982) or clinical (Kjekshus et aI. , 1980; Vaagenes et aI. , 1980 ) global brain ischemia, unless there are extracerebral com plications (Safar, 1986) . Lumbar spinal tap should be performed using a thin needle. Pressure should be measured first, and a small sample taken. If an ICP rise is suspected, negative ophthalmoscopy and computed tomography should first be ascer tained.
CK-BB in blood was low and could have come from an extracerebral source (U rdal et aI. , 1983; Koehler et aI. , 1986) . If the source of CK-BB in blood had been the brain, cerebral venous levels would have been greater than arterial levels, which was not the case. Blood level of CK-BB peaked be fore cisternal CSF level. CK-BB might have come from the cerebral vasculature into blood before it reached the cisternal CSF (Urdal et aI. , 1983) . Our results support the view that CK-BB analysis in blood is not a useful or reliable method to predict brain damage after cardiac arrest (Longstreth et aI. , 1981 ) . After brain contusion (Florez et aI. , 1976) or acute stroke (Bell et aI. , 1978) , which damages the blood-brain barrier, assessment of CK-BB levels in blood may be of some use. It has been recom mended that CSF CK-BB be determined routinely after cardiac arrest (Bell et aI. , 1978; Longstreth et aI. , 1981 ; Urdal et aI. , 1983) . Our results have shown that by avoiding admixture of blood and by careful sampling, handling, and storage (Kjekshus et aI., 1980; Vaagenes et aI. , 1980; Mullie et aI. , 1981) , our method of determining total CK activity in the CSF gives meaningful values after reversible cardiac arrest.
CSF represents an extension of brain extracel lular fluid, which reflects brain metabolism better than blood does (Moir et aI. , 1970) . We have docu mented that the enzymes measured in CSF origi nated from the brain (Figs. 6 and 7) . It seems likely that neurons are the major source. Ischemia plus secondary derangements after arrest cause pro cesses that slowly overlap and damage neurons (Pulsinelli et aI., 1982a,b; Kalimo et aI. , 1983; Ne govsky et aI. , 1983; Safar, 1986) . These processes can be prevented or mitigated by novel postarrest therapies (Safar et aI. , 1976; Vaagenes et aI. , 1984b Vaagenes et aI. , , 1986a Safar, 1986) . The time course of the isch emic damage, which seems unaffected by the se verity of the insult (Brierley et aI. , 1973) , was re-flected by the time course of increase in CSF en zymes in dogs (Figs. 1 and 2) and patients (Kjekshus et aI. , 1980; Vaagenes et aI. , 1980; Mullie et aI. , 1981 ) . Early low activity did not always indi cate good outcome. Postarrest hypotension may add brain damage, which can be reflected in de layed increase in CSF enzymes (Kjekshus et aI. , 1980) and cause secondary neurologic deterioration (Plum et ai. , 1962; Gisvold et aI. , 1984) or a new CSF enzyme peak. In the present study, complica tions 48-72 h post arrest were not readily reflected in cisternal increases, but sometimes in ventricular increases in CSF enzymes.
Brain contusion results in acute cell damage and an immediate increase in CSF enzymes (Florez et aI. , 1976; Maas, 1977) . Stroke results in variable times to peak enzyme levels (Sherwin et ai. , 1969; Hildebrand and Levin, 1973; Vaagenes et aI. , 1986a) , which can be very high even in patients with relatively good outcome. These results differ from those of the temporary global insult of cardiac arrest, which is followed by enzyme leakage re flecting outcome with disability.
Factors that determine the patterns of activity of CSF enzymes include type and severity of the in sult, as shown in this study, as well as tissue con centrations, intracellular locations, molecular weight, local degradation, rate of inactivation in transit through CSF compartments, and dilution (Shell and Sobel, 1976; Dixon and Webb, 1979) . Proportions of enzymes are inactivated inside and in the surroundings of damaged cells (Shell and Sobel, 1976) . Only fractions are released into the CSF, where their activities can be further de creased by dilution, thermal inactivation, and diffu sion. CK-BB is easily inactivated at body tempera ture (Morin, 1977; Kjekshus et aI. , 1980; Vaagenes, 1986) , whereas LD and ASAT are more thermo stable (Dixon and Webb, 1979; Vaagenes, 1986) . This difference can explain the different half-lives and the relatively low activity of CK in CSF in spite of higher concentration in brain ( Figs. 6 and 7) . Be cause of thermal inactivation, enzyme activities in CSF can be near normal after a moderate global ischemic-anoxic insult, but approach brain levels after a severe insult.
Many model-related variables other than the ini tial insult influence brain damage and outcome (Safar et aI. , 1982; Safar, 1986) . They include anes thesia, reperfusion pressure pattern, hematocrit, blood glucose, temperature, and blood gas values. All these variables were controlled in this study. In our experiments, cardiovascular-pulmonary com plications, which limit cerebral recovery (N e govsky et aI. , 1983; Graham, 1985; Safar, 1985) , were not associated with increases in CSF enzymes when the dog died before peak levels were reached. Aortic air embolism from intraaortic injection was considered and ruled out by no histologic damage after zero cardiac arrest time.
CSF lactate
Although brain lactacidosis is worse during and after incomplete ischemia compared with complete ischemia (Siesj6, 1981) , it may (Myers, 1979) or may not (Siesj6, 1981; Graham, 1985) correlate with irreversible brain damage. In this study there was no difference in CSF lactate level between as phyxiation and ventricular fibrillation cardiac ar rest, 15-60 min post arrest. Thus, lactacidosis cannot explain the lack of a brain damage-amelio rating effect of lidoflazine after asphyxiation car diac arrest, as compared with its benefit after ven tricular fibrillation cardiac arrest (Vaagenes et aI., 1984b (Vaagenes et aI., , 1986b . However, lactate decreased more rapidly after asphyxiation cardiac arrest, and higher levels than those after ventricular fibrillation car diac arrest of 10 min might have been present ear lier post arrest. Although CSF lactate level in creases post arrest (BlZihmer et aI., 1983) , it is less useful with which to differentiate between outcome groups than an increase in CSF enzymes. In con trast to brain cytosolic enzyme loss, increased brain lactate does not represent permanent cell damage.
Morphologic changes
The histopathologic damage observed differed in the two models. Te mporary complete global brain ischemia without pre-or postinsult hypoxemia or hypotension, as in our ventricular fibrillation car diac arrest model, usually results in diffuse isch emic neuronal changes, whereas additional hypo tension or asphyxia may cause additional microin farcts, usually along arterial boundary zones (Adams et aI., 1966; Brierley et aI., 1973; Vaagenes et aI., 1980; To rvik, 1984) . In our asphyxiation model, the microinfarcts were more scattered. Mi croinfarcts may represent more severe ischemic an oxia (Kalimo et aI., 1983; Moossy, 1985) . This con cept forms the basis for our histopathologic damage scoring system, originally designed for a monkey model using a high-pressure neck cuff, in which complete head ischemia of 16 min is followed by both micro infarcts and ischemic neuronal changes (Nemoto et aI., 1977; Safar et aI., 1982; Gisvold et aI., 1984) . In our asphyxiation model, microinfarcts occurred "side by side" with ischemic neuronal changes after only 1.5 min of cardiac arrest, with very low overall histopathologic damage scores.
J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 This finding indicates that the severity of the brain insult is not the only factor responsible for the de velopment of microinfarcts. Although mean neuro logic deficit after asphyxiation cardiac arrest of 7 min was only slightly worse than after ventricular fibrillation cardiac arrest of 10 min, mean CSF CK peak levels were significantly higher in the dogs with asphyxiation (p < 0.02) (see "Standard Tr eat ment," Ta ble 2), indicating that peak CSF CK is a good indicator of actual brain damage. The more consistent correlation between histopathologic damage score and CSF CK level (Fig. 8a) in the ventricular fibrillation than in the asphyxiation model ( Fig. 8b, and 9b) suggests that the extent of tissue damage is not necessarily directly related to functional outcome when there are focal lesions.
The normal brain regions with the highest CK concentrations were caudate nucleus, neocortex, and cerebellum. These regions are very active met abolically. They also showed the most pronounced decrease in CK after cardiac arrest (Fig. 6 ). In the hippocampus, however, normal CK concentration was lower. If this indicates lower metabolic activity than in the other regions, the "selective vulnera bility" of certain neurons in the hippocampus post arrest, and the decrease in enzyme activities, may be related to other differences peculiar to the hip pocampus, such as blood supply (Maker and Lehrer, 1971; Myers, 1979; Graham, 1985) or cal cium-and neurotransmitter-related hyperexcitabil ity (Siesj6 and Wieloch, 1985) .
After resuscitation, brain CK continued to de crease in most brain regions from 6 to 72 h, while LD increased. This difference may be explained by continued compromise of aerobic neuronal energy production (CK decrease) and increase in anaer obic glial energy production (LD increase), due to glial proliferation and repair (Yap and Spector, 1965) . In rats, histochemical methods revealed that glia contribute to the increase in brain LD post ischemia (Yap and Spector, 1965) . The lack of damage and enzyme decrease in cerebral white matter, compared with the extensive damage and enzyme decrease in neocortex, may relate to re gional differences in cerebral blood flow (Kagstrom et aI., 1983; Wolfson et aI., 1988) and metabolism (Maker and Lehrer, 1971 ) after global brain insults.
The calcium entry blocker lidoflazine seems to ameliorate ischemic brain damage overall, except in the hippocampus (Vaagenes et aI., 1984b) . Flun arizine seems to ameliorate damage in the hippo campus (Desphande and Wieloch, 1986) more than in other parts of the ischemic brain (White et aI., 1987) . Thus, different calcium entry blockers may have different mechanisms of action in different models. The variable results obtained in different animal models of complete brain ischemia by us and others show that model-related variability is an important factor in the evaluation of therapeutic re sponses. It seems that only a "square-wave" ces sation-restoration of cerebral blood flow (our ven tricular fibrillation model) results in predictable ischemic neuronal changes (Brierley et al., 1973) . This pattern is rare in clinical conditions, but has been shown in patients after ventricular fibrillation cardiac arrest without pre-or postarrest hypoten sion (Vaagenes et al., 1980) . When brain ischemia results in microinfarcts, there may not always be a predictable correlation between neurologic deficit and histopathologic damage (Nemoto et aI., 1977 ; Gisvold et al., 1984; Steen et al., 1984) .
Other markers of brain damage
Prediction from early clinical signs may be elu sive (Plum and Levy, 1978 ; Levy et al., 1985 ; Abramson et al., 1986) and dependent on the pres ence (Edgren et al., 1986) or absence (Levy et al., 1985) of advanced postarrest intensive care life support, CNS depressants, relaxants, and mechan ical ventilation. We could not establish a correla tion between early pupillary responses and final neurologic deficit score. The present study has shown that a more detailed analysis of EEG re covery patterns is needed when EEG is to be relied upon as an outcome measure after brain ischemic insults (Gis voId et al., 1984; Cerchiari et al., 1987) . CSF lactate and pyruvate early post arrest are of some value (Kaasik et al., 1970 ; B�hmer et aI., 1983) . Cerebral amines have also been measured (Moir et al., 1970) . More promising seems to be as sessment of the products of purine metabolism (B�hmer et al., 1983) . So far, no metabolic or bio chemical marker has been identified that can reli ably predict irreversible brain damage after cardiac arrest.
CONCLUSIONS AND RECOMMENDATIONS
After experimental cardiac arrest and cardiopul monary-cerebral resuscitation, leakage of brain cy tosolic CK, ASAT, and LD into the CSF strongly suggests irreversible brain damage. Quantitation of patterns and peaks of these enzymes in the CSF represents a clinically feasible method of "chemical brain biopsy." It may be useful as one of several measurements to aid in decision making on "a p propriate levels of care" after cardiac arrest, in cluding "letting die." In continuously comatose states after cardiac arrest, CSF CK peaks of >50 U/L at 48 h post cardiac arrest in dogs (this study) and of > 10-12 U/L at 48-72 h post cardiac arrest in patients (Vaagenes et al., 1980) seem to indicate outcome with almost certain permanent brain damage. Concomitant measurement of ASAT and LD levels in CSF would increase the reliability of and provide additional information on the patho physiologic changes in the brain after cardiac ar rest. Strict adherence to the recommended tech nique is essential. CSF enzyme values are not pre dictive when there is clinical evidence of focal pathology (e.g., stroke, trauma), which can cause high CSF levels early, yet be followed by good out come.
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